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In this paper, we predict the current-voltage (I-V) characteristics and contact resistance of “end-contacted”
metal electrode-graphene and metal electrode-carbon nanotube (CNT) interfaces for five metals, Ti, Pd, Pt,
Cu, and Au, based on the first-principles quantum mechanical (QM) density functional and matrix Green’s
function methods. We find that the contact resistance (normalized to surface C atoms) is 107 kΩ for Ti, 142
kΩ for Pd, 149 kΩ for Pt, 253 kΩ for Cu, and 187 kΩ for Au. This can be compared with the contact
resistance (per C) for “side-contacted” metal-graphene or metal-CNT interfaces of 8.6 MΩ for Pd, 34.7
MΩ for Pt, 630 MΩ for Cu, etc. Those are in good agreement with available experimental results, 40.5 MΩ
for Pt, for example. Thus, compared to the values for side-contacted interfaces from QM, we find a decrease
in contact resistance by factors ranging from 6751 for Au and 2488 for Cu, to 233 for Pt and 60 Pd, to 8.8
for Ti. This suggests a strong advantage for developing technology to achieve “end-contacted” configurations.
1. Introduction
Carbon nanotubes (CNTs)1 and graphenes (monolayer,2,3
bilayer,4,5 and nanoribbons6,7) are the most promising materials
for applications in nanoelectronics due to their small size and
superior electrical properties. In particular, metallic CNTs and
graphenes are potential candidates for the on-chip interconnect
materials in future integrated circuits8-10 because they have
potential advantages for achieving the highest possible density
integration in combination with high current density,11 ballistic
conductance,12-14 and high thermal conductivity.15 Indeed,
significant progress has been made in fabrication techniques for
CNT interconnects on Si wafers. For example, CNT via
(vertical) interconnects were successfully grown directly on Si
wafers using Co,16 Fe,17 or Ni18 catalysts. In addition, CNT
horizontal interconnects have been integrated with silicon
complementary metal-oxide-semiconductor (CMOS) transistors
on the same chip through application of electric fields in ethanol,
enabling above 1 GHz operation.19 Single layer graphene has
been demonstrated to exhibit high electron mobility (∼15 000
cm2/(V s)) and thermal conductivity (3100-5300 Ω/mK).2,20,21
Graphenes may have advantages over CNTs for developing
strategies of selective growth on metals or semiconductors, for
example, epitaxial growth on SiC(0001)4,6,22 and Ru(0001).23
A critical property for such nanoelectronic devices is the
contact resistance at the metal-CNT or metal-graphene
interfaces. We previously reported contact resistances for the
“side-contacted” metal electrode (Figure 1b) to CNT or
graphene.24 There we used ab initio quantum mechanical (QM)
studies to show that Ti leads to the lowest contact resistance of
24.2 kΩ/nm2 followed by Pd (221 kΩ/nm2), Pt (881 kΩ/nm2),
Cu (16.3 MΩ/nm2), and Au (32.6 MΩ/nm2) for the “side-
contacted” metal electrode (Figure 1b) to CNT or graphene.25
Although the Cu-graphene interface has a contact resistance
672 times higher for Ti, we found that incorporation of
bifunctional groups (anchors) can reduce the Cu-graphene
contact resistance by a factor of 275, making Cu better than Pd
by 3.7 times.25
In this paper, we use QM to determine the electrical properties
(e.g., contact resistance) for “end-contacted” (or vertical)
metal-graphene and metal-CNT electrodes (Figure 1a). We
find that this “end-contacted” metal electrode improves the
contact resistance by up to a factor of 6751 while simultaneously
increasing mechanical stabilities dramatically.
2. Methods
2.1. Modeling Details. To model the “end-contacted”
metal-graphene or metal-CNT configurations shown in Figure
1a, we use the 2 × 4 graphene unit cell (16 carbon atoms) of
the graphene sheet (fixed in the x direction at 0.846 nm), as
shown in Figure 2. We placed the metal atoms at the arm-chair
edge of graphene (four carbon atoms at the interface) one by
one, followed by relaxing the geometry each time to determine
the ideal metal-graphene interface. The six metal surface atoms
that bond to four graphene carbon atoms at the interface (shown
with red atoms in Figure 2) have a periodicity similar to the
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Figure 1. (a) Metal-graphene “end-contacted” interface. (b) “Side-
contacted” interface.24
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deposited metals on the sides of the graphene sheet in our
previous work,24 leading to a y periodicity of 0.489 nm. For
each system, the metal atoms were added one by one and
optimized for the contact to graphene. The additional three layers
of metal (six atoms per layer per cell) were found to have ABC
stacking (face-centered cubic (fcc)) for Pd, Pt, Cu, and Au and
ABAB stacking (hexagonal close-packed (hcp)) for Ti for the
bulk structures. For Ti, hcp packing was found to be more stable
than fcc by 2.4 kcal/mol per unit cell.24
These models were used to study the local interfacial
structures and contact resistance (Rcont) properties in this paper.
The total resistance (RT) is expressed as RT ) Rcont + RC +
scattering, where RC represents the resistance of CNT or
graphene.26 The scattering term can be ignored, since the
distance is much smaller than the mean free path of an electron.
In our studies of side-contacted metal-carbon nanotube
interfaces, we found that the metal-carbon bonds at the interface
for the 0.95 nm diameter CNT (7,7) are reduced by 0.04A
(1.9%) compared to metal-graphene while for the 1.0 nm
diameter CNT (8,8) it is reduced by 0.08A (2.8%). Thus, the
metal-graphene side-contacted interface is a good model for
the metal-CNT side-contacted interface for CNT with diameters
larger than 1.0 nm. For end-contacted interfaces, the curvature
of the CNT would require much larger unit cells. However, from
simple force field models, we considered that the covalent
bonding of the armchair CNT to the metal would lead to a
distribution of metal-carbon geometries similar to those for
the graphene edge. Hence, we focus the QM calculations on
the metal-graphene interface. Then, to predict the properties
for the metal-CNT interface, we normalize on the basis of the
number of carbons in the interface. We consider that this should
be reliable for CNTs having diameters larger than 1.0 nm.
2.2. Computational Details. We used SEQQUEST,27 a fully
self-consistent Gaussian-based linear combination of atomic
orbitals (LCAO) density functional theory (DFT) method with
double- plus polarization (DZP) basis sets.28 All calculations
Figure 2. Optimized geometries for the graphene-metal interface (see Table 1 for quantitative values). The top section shows the top view (x-y
plane). The middle section shows the side view (z-x plane). The bottom section shows the side view (z-y plane). (a) Ti, (b) Pd, (c) Pt, (d) Cu, and
(e) Au. The unit cell is 0.846 nm × 0.489 nm (periodic in x-y directions) with 24 metal atoms (6 atoms × 4 layers) and 16 carbon atoms (4 atoms
× 4 layers). The metal layers are built up atom by atom, leading to an hcp packing for Ti, while the others are found to have fcc packing. The
layer-layer distances are given in Table 1 (C, graphene layer at the interface; M1, metal layer at the interface (first layer); M2, second metal layer;
M3, third metal layer; M4, fourth metal layer).
TABLE 1: Structural Parameter Calculations for the Metal-Graphene Structures after Optimization, the Cohesive Energy
(kcal/mol) of the Interface between Metal-Graphene and Layer-Layer Perpendicular Separations (Å)
Ti Pd Pt Cu Au
C-M1 perpendicular separationa (Å) 1.65 1.54 1.59 1.55 1.79
M1-M2 perpendicular separationa (Å) 2.36 2.27 2.34 2.08 2.63
M2-M3 perpendicular separationa (Å) 2.39 2.24 2.30 2.06 2.53
M3-M4 perpendicular separationa (Å) 2.22 2.26 2.30 2.04 2.59
bulk value (experimental) 300 Kb (Å) 2.34 2.25 2.26 2.08 2.36
metal-graphene cohesive energyc (kcal/mol) 77.4 55.9 54.4 45.2 29.6
metal-graphene cohesive energy of
“side-contacted” structuresd (kcal/mol)
6.0 0.28 0.21 0.14 0.12
a The Z-coordinates of the atoms are averaged. C, graphene layer at the interface; M1, metal layer at the interface (first layer); M2, second
metal layer; M3, third metal layer; M4, fourth metal layer. C and M1-M4 are shown in Figure 2. b Reference 32. c Per surface C atom at the
interface. d Per surface C atom. For comparison, see ref 24.
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were based on the Perdew-Burke-Ernzerhof (PBE) flavor of
generalized gradient approximation (GGA) with PBE pseudo-
potentials.29 We use 2D periodic boundary conditions in the xy
plane. On the basis of systematic energetic convergence studies,
we selected the 4 × 4 k-point sampling in the Brillouin zone
with a real space grid interval of 46 × 26 in the x-y plane
leading to a grid spacing of 0.35 bohr.
To determine the current-voltage (I-V) characteristics for
each system, we first solved for the self-consistent wave
functions using DFT quantum mechanics. The partial density
of states (DOS) from these calculations are shown in various
figures.
Then, we considered the layer of metal atoms on each side
of the graphene to be part of the tunneling system and used the
remaining three layers of atoms to determine the surface
electrode Green function. Then, the transmission coefficient was
obtained using matrix Green function theory based on the
Hamiltonian matrix elements DFT (which we have used
successfully to compute transport properties of molecular
electronic devices).30 The atomic projection of density of states
is normalized on the basis of the nature of the transmission
channels.30 The I-V characteristics are calculated by using the
Landauer-Buttiker formula with known transmission coef-
ficient.30,31 The zero-bias transmission T(E, V ) 0) approxima-
tion was applied to the computation of the current I at a finite
bias voltage (V), defined as the difference between the source
and the drain voltage. We expect the finite-V transmission T(E,
V) to be close to T(E) for low bias voltages of -0.1 to 0.1 V,
the likely operating voltage range for devices studied in this
paper. For voltages greater than 0.5 V, I-V curves should be
taken as qualitative.
After calculating the current as a function of bias voltage,
we fitted the curves and used this fit to determine the contact
conductance and contact resistance for the five deposited metals.
3. Results
3.1. Geometrical Properties. Figure 2 and Table 1 show
the optimized geometries for the “end-contacted” metal-graphene
interface of the optimum geometries. We see that metal-metal
interlayer distances are generally within 2% of the bulk values32
except for the top (vacuum) layer of Ti which is contracted by
5%, the top layer of Pt which is contracted by 3%, and the Au
system for which all layers are increased ∼11%.
The interaction energy of each metal-graphene structure was
calculated by comparing the equilibrium energy with the energy
of each component after separating the electrode (all metal
atoms) infinitely far from the graphene surface (snap bond
energy) (Figure 3a). These quantities were normalized by the
number (four) of surface C atoms at the interface.
We see that the bond energies range from 77.4 kcal/mol (Ti)
to 29.6 kcal/mol (Au), decreasing as Ti > Pd ≈ Pt > Cu > Au.
As expected, “end-contacted” electrodes lead to greatly increas-
ing interaction energy over that of “side-contacted” electrodes
(Figure 3b). The biggest improvement is for Cu with 323 times
followed by Pt (259 times), Au (247 times), and Pd (199 times),
with the smallest improvement for Ti with 12.9 times.
3.2. I-V Characteristics. 3.2.1. QM Calculations. The
structures for the I-V calculations (Figure 4a) were constructed
from the optimized geometries (Figure 2) by reversing the
electrodes and two surface carbon layers of the graphene. This
leads to two contacts (source and drain) bridged by the channel
(graphene). Since the surface layer of metal electrodes is strongly
bonded to the graphene edge, this layer is included as part of
the channel while the other three periodic layers of each
electrode are considered to be the contact (used iteratively to
form the surface Green function). Thus, the final system used
in the I-V calculations has xx atoms per unit cell.
We find that the DOS near the Fermi energy (Figure S1,
Supporting Information) for the surface atoms has significant
contributions only from the d orbitals of surface metals and the
p orbitals of surface carbon atoms.
The projected density of states (PDOS) per unit cell of the p
orbitals (PDOS(Cp)) of surface carbon atoms of graphene at the
interface are shown in Figure 4b. These PDOS(Cp) differ
substantially from each other with little systematic similarities
in various peaks, reflecting the coupling with individual
characteristics of the metal electrodes. Even so, the PDOS(Cp)
are large and similar at the Fermi energy, ranging from 1.8 eV-1
(Ti) to 2.2 eV-1 (Au), indicating a good conduction channel.
For the Ti, Pd, and Pt structures, the PDOS(Cp) of surface carbon
atoms near the Fermi energy are mostly C pπ orbitals (py
orbitals in Figure S1, Supporting Information), but for the Cu
and Au structures, both pπ and pσ orbitals (py and pz orbitals,
respectively, in Figure S1, Supporting Information) contribute
equally.
The PDOS for the d orbitals of the surface (first-layer) metal
atoms (PDOS(Md)) are shown in Figure 4c. Here, we see the
PDOS(Md) at the Fermi energy ranging from 15 eV-1 (Ti) down
to 1.5 eV-1 (Au) with a sequence of Ti > Pt > Pd > Cu > Au.
For Au, the PDOS(Cp) is larger than the PDOS(Md).
3.2.2. Tunneling Calculations. The transmission function,
T(E) (Figure 4d), near the Fermi energy mirrors the PDOS
behavior except for the Cu system, which shows lower T(E)
than the Au system at the Fermi energy (-0.5 to +0.25 eV).
The calculated I-V curve (Figure 5a) and total resistance (Figure
5b) correlate directly with T(E), which correlates with the
cohesive coupling between the metal d orbitals and graphene p
orbitals, as discussed above.
Figure 3. Interaction energy (per surface C atom) of (a) the
metal-graphene “end-contacted” interface shown in Figure 1a and (b)
the “side-contacted” interface shown in Figure 1b. The Ti is scaled by
1:5 (orange, Ti; blue, Pd; pink, Pt; brown, Cu; green, Au). The energies
are given in Table 1.
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We find that Ti has a linear I-V curve from -1 to +1 V,
indicating an Ohmic contact, while Pd and Pt are linear from
-0.5 to +0.5 V.
Using the slope at the Fermi energy (0 V), we calculate
conductance, leading to values ranging from 0.97 G0 for Ti down
to 0.40 G0 for Cu. The conductance quantum for a single-walled
carbon nanotube (SWNT) is expected to be 2 G0 (G0 t 2q2/h
) 77.5 µS ) (12.9 kΩ)-1), assuming perfect contacts. Thus,
these end-contacted systems lead to 20-50% of the maximum
conductance.
From the conductance we calculate the contact resistance
(Rcont) per unit cell of the “end-contact” structures to be 53 kΩ
for Ti, 71 kΩ for Pd, 74 kΩ for Pt, 127 kΩ for Cu, and 93 kΩ
for Au after averaging the bias voltage from -0.1 to +0.1 V
(Table 2). These contact resistances are also normalized per
surface C atom at the interface to enable estimates for the contact
resistance of “end-contacted” metal-CNT interfaces, as dis-
cussed below. As expected, the Rcont value of “end-contacted”
is enormously improved over that of “side-contacted” electrodes
with improvements ranging from best for Au (1/6751) followed
by Cu (1/2488) > Pt (1/233) > Pd (1/60) > Ti (1/8.8).
4. Discussion
4.1. Nature of the Metal-Carbon Contact. With “side-
contacted” metal-graphene interfaces, only the carbon p0
orbitals of carbon atoms contribute to the cohesion to the surface
metals (d orbitals). However, for “end-contacted” metal-graphene
interfaces, carbon pπ orbitals as well as pσ orbitals play
important roles in cohesion because the surface carbon has pσ
electrons that are either unpaired (zigzag) or involved in a
weakened in-plane π bond (armchair). Thus, these pσ electrons
are expected to play substantial roles in cohesion and hence
transmission. In fact, Figure S1 of the Supporting Information
shows that only the pπ orbital is important for transmission in
Ti, Pd, and Pt while both the pπ and pσ orbitals are significant
for transmission in Au and Cu electrodes. Additionally, the
PDOS(Cp) of Au is smaller than the PDOS(Md) near the Fermi
energy.
Figure4. Current-voltage(I-V)calculations.(a)metal-graphene-metal
structures used in I-V calculations (Pd case shown). (b) Partial density
of states (PDOS) for the p orbital for carbon at the metal-graphene
interface per unit cell. (c) PDOS summing over all five d orbitals for
metal at the metal-graphene interface per unit cell. (d) Transmission
coefficient (T(E)) (orange, Ti; blue, Pd; pink, Pt; brown, Cu; green,
Au). Separate lines of each metal for parts b, c, and d are shown in the
Supporting Information (Figures S2, S3, and S4). EF is the Fermi energy
of the electrode.
Figure 5. Current-voltage (I-V) characteristics near the Fermi energy
per unit cell: (a) I-V curve; (b) contact resistance (orange, Ti; blue,
Pd; pink, Pt; brown, Cu; green, Au).
TABLE 2: Comparison of the Calculated Contact
Resistances of “End-Contacted” and “Side-Contacted”
Metal-Graphene Interfacesa
Ti Pd Pt Cu Au
“end-contacted”
per unit cell (kΩ)
13.3 17.8 18.6 31.7 23.3
“end-contacted”
per C atomb (kΩ)
106.5 142.4 148.5 253.5 186.8
“side-contacted”
per C atomc (kΩ)
938 8566 34 689 630 352 1 261 002
a For comparison, the contact resistance is averaged over the C
atoms (eight atoms) at the interface. b Per surface C atom (16
atoms) at the interface. c Per surface C atom.24
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4.2. Electrical Properties at the Interface. Our results
indicate that, among the five metals considered here, the contact
resistance per surface C atom is smallest for Ti (106 kΩ), small
for Pd (142 kΩ) and Pt (149 kΩ), and large for Au (187 kΩ)
and Cu (253 kΩ).
Recently, four-terminal experiments were reported for Pt
electrodes (5 nm thickness and 200 nm width deposited on top
of the CNT and protected with 60 nm Au) “side-contacted” to
metallic SWNT (1.0-1.5 nm). They found a contact resistance
of Rside-cont ≈ 5 kΩ with a CNT length between contacts of ∼1
µm.33 Assuming their CNT to be SWNT (10,10) (diameter )
1.37 nm) with the electrode contacts about half of the CNT
circumference, the carbon atoms in with electrodes, this 200
nm electrode would be in contact with Nside-cont ) 8,096 carbon
atoms. Thus, we estimate the contact resistance per carbon atom,
Rcside-cont ) Rside-cont × Nside-cont ) 5000 × 8096 ) 40.5 MΩ.
This can be compared with our previous calculations for Pt side-
contacted to graphene which led to Rcside-cont ) 35.7 MΩ per
carbon atom (Table 2).24 There is excellent agreement between
experimental results and calculation results.
The contact resistance results calculated for the “end-
contacted” metal-graphene interface can be used straightfor-
wardly to estimate the contact resistance for the “end-contacted”
metal-CNT interface. For example, the armchair SWNT (10,10)
has 40 carbon atoms at the metal-CNT interfaces. Thus, since
the calculated contact resistance per carbon atom for Pt-graph-
ene results is Rcend-cont ) 148.5 kΩ, we estimate that the contact
resistance of the “end-contacted” Pt-(10,10) SWNT interface
would be Rend-cont ) 148.5/40 ) 3.7 kΩ, indicating that “end-
contacted” Pt electrodes (with infinitesimal contact lengths) have
the same contact resistance as 5 nm of “side-contacted” Pt
electrode (∼5 kΩ).
Consider now a double-walled carbon nanotube (DWNT),
for example, (10,10) and (6,6). Here, the number of the carbon
atoms “end-contacted” with electrodes is 64, leading to Rend-cont
) 2.3 kΩ. Thus the “end-contacted” electrodes are utilized quite
effectively for multiwalled CNTs and CNT bundles.
Despite the advantages of “end-contacted” configurations,
significant experimental difficulties remain in constructing them.
Experiments to suspend and disperse CNTs in various solutions
(e.g., water or organic solvents)34-36 have been reported. For
via (vertical) interconnects, chemical mechanical polishing has
been successful in achieving “end-contacted” electrodes.29
Combining such techniques may lead to development of similar
approaches for horizontal “end-contacted” configurations.
As an alternative strategy, we consider the geometry where
the electrode is deposited such that the end and part of the side
of the CNT (Figure 6). In this case, the total contact resistance
can be written as Rcont ) (1/Rend-cont + 1/Rside-cont)-1, where
Rend-cont ) Rcend-cont/Nend-cont is from the “end-contacted” interfaces
and Rside-cont ) Rcside-cont/Nside-cont is from the “side-contacted”
interfaces. Thus, for the case of a (10,10) SWNT, Nend-cont )
40, while Nside-cont ) 162 for 10 nm. Since Rcend-cont ) 142.4
kΩ and Rcside-cont ) 8566 kΩ for Pd electrodes, we obtain a
total contact resistance of Rcont ) 3.3 kΩ. This illustrates the
advantage of such “end-contacted” configurations. We assumed
here a “side-contacted” length of 10 nm, since by the time it is
necessary to use CNTs for via and horizontal interconnect
components we expect that it will be necessary to reduce the
contact area to 20 nm or less.
5. Conclusion
The small size and variations in device geometries have made
it very difficult to extract reproducible results for the contact
resistance of metal-CNT or metal-graphene interfaces. This
makes it most valuable to develop and validate first-principles
QM calculations to predict such quantities, since QM would
provide consistent accuracy for various combinations of metals
and carbon structures. This paper illustrates how to use first-
principles QM to predict such complex phenomena as contact
resistance in metal-graphene and metal-CNT assemblies,
enabling in silico analysis and design prior to experiments.
On the basis of these QM studies of the graphene-metal
interface, we conclude that there are substantial advantages in
reduced contact resistances for configurations that include “end-
contacted” metal electrodes. Because of the difficulty in making
end-contacted electrodes as in Figure 1a, we suggest Figure 6
as practical configurations which also dramatically reduce the
total contact resistance.
Although the application here is toward high-performance
on-chip interconnect applications, the results should be ap-
plicable to other CNT or graphene based nanoelectronic and
optoelectronic devices such as the field-effect transistors and
light emitting diodes.
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